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The formation of not onlyA biexcitons KX,a) but also heterobiexcitons that consistdfind B excitons
(XXap) in a free-standing bulk GaN is identified by polarization-sensitive spectrally resolved FWM measure-
ments. The FWM spectra and delay-time dependence show that the interaction b&tared exciton gives
rise to the energy shifts of the spectra and the phase shifts of the quantum beating, which is considered as the
effect of the unbound state X, (i.e., XX3g) and XX3g is found to play an important role in the FWM
signals for all polarizations. The unbouAdiexciton (X X3 ,) is also observed clearly in spectral and temporal
domains.
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[. INTRODUCTION strongly in most usual excitation conditions by ultrashort
pulses, and therefore is very important. But it is little known
Coherent nonlinear optical processes involving boundurrently about the Coulomb correlations including the infor-
biexcitons X) have been investigated extensively in bulk mation of the bound biexcitons in GaN.
and quantum wells. Biexciton effects associated vitK In this paper, we investigate experimentally the bound and
have been identified even in 11I-V semiconductors and mordinbound biexciton contributions to the spectrally resolved
easily in 1-VI and I-VIl semiconductors. However, pro- FWM signals in a free-standing bulk GaN. The spectra of
cesses involving two excitons require obviously to take acheterobiexcitorXX,g that consists oA- andB-hole excitons
count of four-particle correlation’s? which mean not only ~as well asA-hole bound KX,a) and unbound XX} ,) biex-
XX but also unbound biexcitonX(X*). Actually, XX* can  citons were clearly observed. Observatiorkof,g in GaN is
affect the observed signals strongly even under no clear sigor the first time to our best knowledge. The unbouty
nature ofXX, for example, in cocircularly polarized excita- is essential for theX,-Xg interaction and contributes more
tion whereXX cannot be created according to the polariza-significantly to the FWM signal generation rather than the
tion selection rules. Recently, it was found that exciton-boundXX,g biexcitons.
exciton correlations can have important, and even dominant,
effeqts at low density b_y K_neet al® They used the spatial Il. SAMPLE AND EXPERIMENT
confinement by magnetic field to enhance the strength of the
exciton-exciton correlations. In the sense, exciton-biexciton The investigated sample is a free-standirfg.ce wurtzite
system is an appropriate system to the investigation of manysaN of 70um thickness by the two-flow metal-organic
particle correlations that are rarely accessed directly, wherehemical vapor deposition methiBdising the lateral epitax-
the scattering processes of unbound biexckotf as well as  ial overgrowth techniqué®!’ GaN crystallizes in the wurtz-
XX and their correlation with the exciton scattering pro-ite structure, whose valence bands consisApB, and C
cesses is of considerable current interest. bands that are split each other evenl'apoint due to the
Gallium nitride (GaN) has large exciton binding energies crystal field and spin-orbit interactidf. Therefore, the cor-
of more than 20 meV because of the relatively small dielecresponding exciton structure consistsfofB, andC excitons
tric constant and large effective masses, and therefore, tHelenoted hereafter as,, Xg, and X, respectively. The
large binding energies of biexcitons are expected. The larggansition energy difference betwe#p andXg is known to
binding energies and strong optical nonlinearities make ibe 5-6 meV, and th& resonance is apart by more than 10
suitable material for the study of biexcitons and CoulombmeV from theXg resonance.
correlations of their excitons by using the FWM technique. The spectrally resolved, time-integrated two-pulse FWM
Recently, the degenerate FWM has been applied to study thexperiments in reflection geometry are performed with the
properties of excitoris*? and biexcitons>'* in bulk GaN. excitation pulses of the same intensities in the directions
The biexcitonic contribution to the FWM signals may appearandk,, respectively. The pulses from a frequency-doubled,
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mode-locked Ti-doped sapphire laser with the spectral width
of 17.5 meV(FWHM) is used as a light source. The emitted )*(A Xg
FWM signal in the X,—Kk; direction is spatially selected by T M L
an iris, spectrally resolved by a spectrometer with the reso- 3 ad XY E
lution of 0.9 meV(FWHM), and detected phase sensitively ; Mo, 2 [— (T, )x10[;
by a photomultiplier. The delay time;, between the two P N

incident pulses is defined to be positive if tke pulse pre-
cedes thek, pulse. The total excitation intensity is
140 nJ/cm, corresponding to the excited exciton densities of
~10'® cm™3, which is two orders of magnitude smaller than :
the screening density~2x10® cm™3). The sample is g .
placed in a closed-cycle helium cryostat and all presented E S A B i .
FWM data are taken at 10 K. The detail of the experimental 3465 3470 3475 3480 3485  3.490
setup is seen in Ref. 12. (b) . ___energy (?V). _

~
[X)
p——a
|+

------ excitation

FWM intensity

IIl. RESULTS AND DISCUSSIONS

Polarization selection rules in FWM can be used to dis-
criminate transitions from the vacuum sté&® to one of the
optically active exciton state€X) or transitions fromX to
bound biexciton statesX(X) (see Fig. 2 The FWM signal e SN AN T — i :
originates from the nonlinearities of phase-space filling 348 Q40 347 990 4B 24
(PSB, bare Coulomb interactiofBCI), and exciton-exciton energy (eV)
correlation(XXC), which is significantly dependent of light
polarizations and temporal ordering of the excitation pulses (©) s
via the parametric relation between coherently created polar- t (0,,0,)
izations and occupations of the involved transitions and
states. Here BCI means Coulomb nonlinearities within the
Hartree-Fock treatment and the interaction to induce band-
edge renormalization and local-field efféet.

Figure Xa) shows the FWM spectra &;,=0.8 ps and for
different polarization configurations. The lab&lg, X,, and E
XXaa represent theB-exciton, A-exciton, and the bound ] ,
A-biexciton states, respectively. The arrows on the top axis 3.465  3.470 3.480
point to the energies of the transvedég(3.4791 eV andXg (d) energy (eV)

(3.4844 eV resonances that were obtained from the analysis ™ I L

FWM intensity

FWM intensity

of the reflection spectr®. Thus,X,-X X corresponds to the (T—x 10 e data
Xa-XXan

transition energy fronX, to XX,5. From the position of
Xa-XXan, the XX a-binding energy is found to be 5.3 meV.
We have tuned the center laser wavelength energetically be-
low the X, resonance as shown in Fig(al, in order to
minimize the excitation 0K¢ and exciton continuac reso-
nance locates by 18.3 meV abovg resonance in this
sample. The transition matrix elemepnty of X, is larger
by a small amount thamug of Xg (the calculated ratio
wi:ui~1:0.88) and the FWM signals are proportional to
NZu8 (i=A, B), whereN; is the density of the correspond-
ing exciton state. Consequently, the FWM signalXat are
stronger than that &g .

FWM intensity

P — s

3.465 3.470 3.475 3.480 3.485 3.490
energy (eV)

FIG. 1. (a) FWM spectra atr;,=0.8 ps. The three excitation
polarizations are used as indicated. The spectrum ja() polar-

. . izations is multiplied by 10. The arrows at the top axis indicate the
The relative contributions betweeX,, and XX, to the energies ofA- and B-exciton resonances obtained by the reflection

,FW,M signal are_ dependent_ strpngly of the eXC|tat|or_1 ,pOIar'spectra. The excitation spectrum is also indicatedFWM spectra
ization. For cocircular polarlzatlons_rg ,04), the transition (1,—) at positive[ 7,,=0.8 ps, same a&)] and negative £,

from X, (Xg) 10 XXan (XXgg) is not allowed since __1 3 ps) delay times(c) and (d) The fitting results of FWM
XXaa (XXgp) consists of twoXas (Xgs) with opposite ex-  spectra atr;,=0.8 ps. The solid circles and dotted lines are the
citon spin and has the angular momentdgs0. Thus, the  experimental data and the decomposed peaks. The solid line is the
signal X,-XXaa does not appear ino(, ,o,) spectra. The total fitted spectrum. The shaded components indicate the hetero-
Xa line broadens with relatively small inhomogeneity com- biexcitonsX X, that consist 0fX, and Xg . Note that these com-
pared with the temporal FWM trac€ig. 3) that decays with  ponents are seen at the lower-energy sideXgfand Xg in all

the time constant of 0.66 ps fa#,>0. The decay constant polarization configurations shown in Fig(al
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Energy multiplied by 10. From the polarization selection rules, the
A FWM signal in the direction R,-k; for 7,,>0 should arise
XX*(BJrB """"""""""""""""""" _ from the Xp-XXaa and Xp-XXz, transitions for (,—).
A+B I ==y % @/ DL A Thus, the observed FWM signal in the vicinity of the energy

of X, is associated with the unbound biexcit&iXy ,. From
o, o, the fact that the transition energi€@X, and X,-XXj , are
Lo ( ﬁ ' the same within our spectral resolution aKgd-XXa and
Xa-X X3 A transitions have the comparable strength and width
that is the same a6-X, for (o, o.), the following are
found; the unbound stat¥ X}, locates at the edge of two
A-exciton continuum, th&,-XX3 5 transition has the similar
z magnitude of the matrix element a§,-XX,a, and the
FIG. 2. Level diagram of exciton-biexciton system for a helicity broadenings oK, XX, andXX}, have a nearly perfect
basis. The thick solid lines represent excitérandboundbiexci-  correlation. This is quite reasonable for this bulk sample with
ton XX states to which the transitions are allowed. The thick dashegmall inhomogeneity. Recently, Langbeét al, observed
lines above the bound biexciton states indicate the corresponding, 5 theX X% , state moves from theX,-continuum edge to

biexciton continuum edge ¢). X's and XX’s are illustrated with Eigher energetic region, increasing inhomogeneity due to the

their constituent electrons and holes. Electron is depicted as a circ . O
with vertical (mS= - 1/2) or horizontal linesift= 1/2). Hole is as  Wel-Width fluctuation in GaAs guantum weffS.As com-

a double circle with vertical roj=1/2), horizontal (nj=—1/2), pared *With Fig. lb)’* the Contribu.tior_}_ in the vicinity of
right-oblique (j=3/2), and left-oblique ifi;= — 3/2) lines. Xa-XXxa and Xg-XXgg changes significantly, whereas the
central energy of theX,-XXaa Spectrum does not change

corresponds to the homogeneous broadening of £0@  When the delay timer;, varies from negative to positive
and therefore the rati®';,nomo/Thomo i found to be~4 values. The effect can be explained K)X,g that will be

Taking account into the exciton lifetime and acoustic phonorfliscussed later. o
scattering of this sampfé the broadening consists of  For colinear polarization](, 1), the Xx-XXxs component
330 weV by radiative broadening, 9@eV by acoustic pho- €an appear also in accordance with the polarization selection

non scattering, and-80 xeV by density-dependent broad- rules, and in fact, the small peak was observed in the spectra
ening under these experimental conditions. though the component is much smaller compared with the

For cross-linear polarization](—), the signals at the Signal atG-X, transition. Same as the case fof, ),
energies ofX, and Xg are strongly suppressed by the Xa-X X3 A may contnbute_ to similar extent at the energy of
quenching of the signal generation due to excitation-induceefa - In addition, two main peaks at, andXp are found to
dephasingEID),?*?*which is a part of XXC, and the signal Pe blue shifted slightly from the«(, ,o,) spectra and is not
intensity at the energy oK, becomes comparable to the shifted from the (,—) spectra. The blue shift can be ex-
Xa-XXaa signal. Note that, in Fig. (&), the (1,—) signal is  Plained by the spin-dependexik-Xg interaction(i.e., X Xxp)
and therefore is seen also ifh,(~) spectra. Here, th¥,-Xg
interaction means the correlation via PSF in electronic spin
states ofX, and Xg. For example, as shown in Fig. 2, the
statesX, and Xg with J,=1 can be represented #3/2,
—3/2,1/2;-1/2) and|1/2,—1/2,1/2,1/% in |3”,m},J%,m§5).

While theseX, and Xg with the same exciton spins that
are created in a broadbanad (,0 ) excitation, have differ-
ent electronic spin states and no PSF occurs in any state, PSF
occurs in the electron spins irf (1) and (J,—) excitations
becauseX, and Xg with different exciton spins are created
simultaneously. Thusyith opposite exciton spinghe attrac-
tive force works between the same specie&-K, and
Xg-Xg) and makes the bound biexcitoty , and Xgg, and
the repulsive force works between the different species
L (Xa-Xg). Converselywith the same exciton spinhe attrac-

1 tive force works betweeX, andXg and the repulsive force
works between the same species. TXjsXg interaction can
be considered as the effect ¥Xxg. This effect gives rise

FIG. 3. Spectrally resolved FWM tracesXy energy as a func- IS0 to the phase shift o{,-Xg quantum beats in the tem-
tion of ry, for (o, ,0,) at G-X, (dotted ling, at G-Xg (dashed ~poral evolution as seen in Fig. 3. The influenceXof-Xg
line), and (I, 1) at G-X, (solid line). Inset, a simple level diagram interaction on the phase shift &,-Xg quantum beats was
for the signal generation process. Note that b¥thand Xz are  analyzed by Aokiet al. by using weakly interacting Boson
excited in the experiment. model!!

Log(FWM intensity)

delay times (ps)
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Figures 1c) and Xd) show the examples of the decompo- EID-induced process is strongly suppressed for—¢).
sition of the FWM spectra. The fitting was performed assum-Thus, XXC (XX3, and XX3g in this casg¢ contributes
ing that Gaussian line shape in accordance with the inhomastrongly to the FWM signal even at,>0. This signal in-
geneous broadening. As a result, for all polarizationtensity ordering observed as well as in the FWM spectra has
configurations, {, 1), (T, —), and (o, ,0.), two weak been measured generally in GaAs-based materials, which is
and relatively broad components appear at the energies kjetermined by the magnitudes XX} ,, XX} and the phase
~1.4 meV in the low-energy side of, andXg. The com-  petween them. All the FWM signals indicate the clear beat-
ponents are indicated by the shade in the figures. Withouhg character. The beating foo( ,o.) and (1,1) signals is
these components, for example, the trough betweg@and  well reproduced with the frequency of 1.31 THz, correspond-
Xg for (o ,0) or the small peak at the wing o€z is not  ing to 5.4 meV. The energy coincides well to the energy
possible to be sufficiently reproduced. Those componentgifference betweeX, and Xg (5.3 meV) from linear spec-
also appeared in the FWM spectra at negatiyeand for all  troscopies. From the beat period amebhase-shift character
polarization configurations. for (1,—) against ¢ ,o.) and (I,1) signals, the beating

The fact, those components are observed at the lowegan be assigned t6,-Xg quantum beat. The initial phase of
energy side apart by the same amount from BotrandXg  the quantum beat ini,. , o) is shifted by 0.4 compared
resonances regardless of the polarization configurations angith the beat in (,1). For Xg (not shown in Fig. 3 the
the sigr_1 of_the delay times, _Ieads to the presence of thghase shift has an opposite sigr € 0.157). This spin-
heterobiexcitork X,g that consists 0K, andXg as a bound  gependeni ,-X; interaction induces the phase shift as well

biexciton state. The heterobiexciton has been observed al$Q the aforementioned energy shift in the FWM speldtrg.
in a 100-A-ZnSe single-quantum well by FWKRef. 24 1(@)].

and a bulk Zan by two-photon.reabsorption spectroscopy. For 7,<0, the signal should be entirely due to the
The bound b|ex0|tons that consist O.f the same speXid,, . Coulomb-induced nonlinearities. It is expected that the
andXXgg, have paired electron spins as well as hole SPINS, | ind biexcitons. such B€Xan, XXgg, and XXag, wil
223Jggp?);si(t)enetlr;itfézesrpﬁﬁgd;ﬁaﬁgsfegfg%;?:f; 21'23 make a more noticeable contribution in processes where two-
shown in Fig. 2. Reflecting {he low density X con:pared photon transitions are active, i.e., for negative delay times,
and their continua or their unbound biexcitons play a minor

with X4, the XX,g component in the lower wing oKg is o :
larger than that in the lower wing of, . From the observed role. But this is not the case. In ideal case, because the pulse
with the wave vectok, arrives first at the sample for,,

spectra, the binding energy &fX,g is 1.4 meV that corre- S ) ; -
sponds to the period of-3 ps if quantum beats between <0 and the contrlbutlon'to S|gpal generathn process s in
X,-Xap andX,-X%g (a=A, B) occurs. Unfortunately, small second 'order as shown in the inset of the figure, thg s!gnal
population 0fXX,s as well as the long period compared 9eneration due to PSF is suppressed for all polarizations.
with the phase relaxation time smear the beating in tempordnstéad, two-photon coherenc€gPC's) created by two k;

domain. In general, the biexciton binding energy has the tenPhotons dominate the dynamics of the system. Since the two-

dency that the binding energy is increasing with decreasin§*citon state as a source of XXC is created by this two-
electron-hole mass ratim? /m? , and the measured value is photon transition, it cannot emit light and builds up until the
on this tendency. N k, pulse arrives and triggers the FWM emission. The slow

The precise interpretation of XXC requires the formal- rise of the signals that are very similar to the rise time of
isms to handle-particle correlations such as dynamics con-Xa"XXaa, therefore, suggests that the signals are related to

trolled truncation scheméDCTS),2® where the coupled the T_PC’S' Espec_iall_y, f_or_((+ 10+) polariz_atio_ns where the
equations of motion of one-pair and two-pair correlations afr€ation 0fXX,, is inhibited, the slow rise is unexpected
least have to be computed. Since it is difficult to carry out forWithout XXC since the signal should rise with a shorter time
our experimental situation as shown in Fig. 2, instead wesonstant than half the decay time fof,>0 at least in the
will survey the temporal behavior qualitatively in the light of case that any XXC’s do not workXx, andXX3g contrib-
the XXC, particularly, theX,-Xg interaction which is noth- ute to the signal and the clear beating indicates the existence
ing but X X% 5. of XXzg. For (o, ,0,), the beating period fotr;,<0 is
Figure 3 shows the spectrally resolved FWM traces as &most the same as that fof,>0 and there is no phase jump
function of 7,, at the energy oK, . For the comparison, the aroundr;,=0. Under no signal generation pathway via PSF,
signals for ¢, ,o.) at Xg energy(dashed lingis also de- this means that the beating originates from
picted. The signal decay for;,>0 is well fitted with the XXig-TPC-induced interference between the transitions
time constant of 0.66 ps by using a suitable equation foXa-XXzg and Xg-XX35. A pronounced beating for{(1)
intermediate inhomogeneous broadening and the decay tinteas a higher contrast than that foy,>0 and indicates the
is nearly the same for all polarization configurations. FundasignificantXX-TPC andXX*-TPC contributions. The beat-
mentally, the signal for;,>0 shows the decay of the first- ing originates from the interference between the signals in-
order polarization created by pulse that drives th&-X,  duced by the TPC’s and the XXC is attributed mainly to the
transition. The signal intensities inr(. ,o,) and (f,7) are  correlation betweerX X3, and XX35. For the quantitative
approximately one order of magnitude stronger than that irexplanation, the computational challenge for this system are
(7,—) (not shown hergat 71,>0, which shows that the currently proceeded.
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IV. SUMMARY rules. The unbounX Xz is essential for th&,-Xg interac-

In summary, we have investigated the FWM responses diion and contributes more significantly to the FWM signal
the exciton-biexciton system in a free-standing GaN. TheJeneration rather than the bountiX,g biexcitons, espe-
spectrally resolved FWM signals were discussed in terms ofidlly. for (o ,o.) and (I, —) polarizations.
biexciton formation and its contribution were explained
qualitatively. The formation of not onhA biexcitonsX Xy
(AE)"=5.3 meV) but also a heterobiexcitofiX,g (AEL® S.A. acknowledges support by Casio Science Promotion
=1.4 meV) has been identified by polarization selectionFoundation, TEPCO Research Foundation, NSGF and SCAT.
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